The problem of robust beamformer design in the presence of moving sources is considered. A new technique based on a generalization of the constrained minimum variance beamformer is proposed. The method explicitly takes into account c hanges in the scenario due to the movement of the desired and interfering sources, requiring only estimation of the desired DOA. Computer simulations show that the resulting performance constitutes a compromise between interference and noise rejection, computational complexity, and sensitivity to source movement.
INTRODUCTION
The use of spatial diversity in wireless communications has recently received considerable attention 1 -4 . Speci cally, base station antenna arrays combined with adaptive beamforming techniques o er the possibility of increased channel capacity and wider area coverage. The general goal is that of exploiting the spatial dimension i.e., the fact that co-channel users are located at di erent p o i n ts in space to combat interference, noise, and multipath fading of the desired signal.
In some systems, the beamformer is designed using data taken over some short time interval. The weights are then held constant o ver some generally longer interval before being updated in response to changes in the scenario. This may be due to the lack o f a c o n tinually available beamformer reference and or limited computational resources. Such is the case, for example, in the uplink mobile to basestation of temporal reference beamforming TRB systems 2 . The training sequence used in the design of the beamformer is only available over a small fraction of the entire data frame length. The resulting beamformer weights are frozen and used for the remainder of the frame in spite of changes in the scenario. Moreover, in both TRB and spatially referenced beamformer SRB systems, the use of frozen weights may be desired so as to avoid the additional This work has been supported in part by EEC Contract HCM CHRXCT-930405, PRONTIC CICYT TIC95-1022-C05-01 and CIRIT Generalitat de Catalunya G R Q93-3021.
complexity o f c o n tinuous updating. Another example is found in time division duplex TDD systems when the uplink beamformer is used during the subsequent d o wnlink basestation to mobile 5 in an e ort to improve reception at the mobile.
The minimum rate at which the beamforming weights are updated depends on the speed with which the scenario changes. The performance of some beamformers can be seriously degraded when this updating rate is not su ciently high. Consider, for example, the use of the optimum minimum variance beamformer when the additive sensor noise power is low compared to the desired, signal-of-interest SOI power which, in turn, is lower than the power of the interfering signals-not-ofinterest SNOI's. The optimum beamformer will often place sharp, deep nulls at the SNOI directions of arrival DOA's in order to maximize the output signal to noise plus interference ratio SINR. However, output SINR can be severely degraded if source movement is signi cant relative to the beamformer update rate.
This paper considers the problem of robust beamformer design in the presence of sources that move o ver the interval during which i t s weights are held constant. A new method based on a generalization of the minimum variance beamformer employing a stochastic model for the movement of the sources is proposed. The resulting array response pattern possesses broad nulls in the directions of the SNOI's and is therefore less sensitive t o changes in the SNOI DOA's. The approach i s similar to that presented in 3 for non-moving scattered sources, which requires a full parametric characterization of the scenario SOI and SNOIs. However we consider the case of point sources with movement and propose a beamformer which requires only DOA estimation of the SOI. Computer simulations have been included to show that the method strikes a good compromise between SINR and robustness in the presence moving sources. The optimum minimum variance beamforming which also maximizes the SINR is de ned as the solution of the following constrained minimization problem:
min w H R y w subject to w H R d w = 0 : 5 As the matrix R d is of rank one, the optimum beamformer can be expressed simply as w o = R 1 y a 0 = a H 0 R 1 y a 0
. For high signal-tonoise ratio SNR, relatively low signal-to-interference ratio SIR, and N 1 M, the output SINR will be very high. The array response pattern magnitude, de ned by jG j = w H a , is such that the SNOI components will probably be almost perfectly nulled: 1 jG m j 0 m 2 f1 N 1g. Alternatively, for comparable SNR and SIR levels, the optimum beamformer will maximize output SINR by likely attenuating rather than nulling the SNOI's to some level beneath that of the SOI. 1 Note, however, that this is less likely to be true for moderate or low SNR when one or more SNOI's are close in angle relative t o the array resolution to the SOI. This is because a null so close to the SOI can produce high sidelobe levels elsewhere in the response which amplify the additive noise term.
Problem Statement
In general, for a beamformer designed to function in a given scenario, subsequent movement of the sources will decrease performance dramatically. This is specially true in those scenarios where an small pointing error caused by t h e m o vement o f t h e SOI can lead to signal attenuation e ects, and where an small movement o f t h e SNOIs will seriously degrade output SINR because deep nulls are placed at the initial SNOI locations. Although this problem can often be ameliorated by imposing additional constraints on the beamformer to broaden the mainlobe and nulls 6 this solution would require accurate, frequently updated estimates of the SOI and SNOI DOA's, f m g N 1 m=1 . Thus, the problem addressed in this paper is how to broaden the main lobe and the nulls without knowledge of the SNOI DOA's. The resulting beamformer, while o ering sub-optimum SINR performance, is to possess greater robustness in the presence of source motion.
EFFECT OF SOURCE MOTION
To quantify the loss in performance due to source motion, such m o vement is modeled as a zero mean Gaussian random walk in angle: where all beamformers are designed at k 0 = 0 . That is, as the sources move with time, the robust beamformer will perform better than the optimum beamformer but at the cost of suboptimum initial performance.
ROBUST BEAMFORMING
The robust beamformer presented in this section will be based on the source motion model as re ected in the averaged covariance matrix of 10. The e ect of the associated DOA spreading matrix" as de ned in 12 is to smear or spread the point sources over intervals centered on the initial k = 0 D O A's. A beamformer which is designed to be robust in presence of source motion should take this smearing e ect into account in order to create broad nulls for the interfering users. To this end we can de ne the optimum robust minimum variance i.e. maximum S I N R beamformer as the solution of the following constrained minimization problem: min w H R y w subj ect to w H R d w = 0 15
It is well known that the maximum of 15 can be solved using generalized eigenanalysis: is a function of source DOA a t k = 0 and random walk variance for each source. To a void estimation of the DO-A's of the SNOI's and the random walk variances of all the sources, consider a pessimistic, worst case spreading matrix:
Q pq = e 2 dp q 2 K 2 rmax 19 where 2 r max is an upper bound on the random walk variance. Then the average covariance matrices can be computed as follows:
Finally an estimate of R d 0 is obtained using an estimate of the SOI angle 0 0 supplied by a D O A t r a c king algorithm 8 in 3, and an estimate of R y 0 is obtained directly using data taken over some interval during which all source angles does not change signi cantly:
We nally note that the proposed robust beamformer involves a norm constraint 15 with respect to the average desired covariance matrix, placed on the weight v ector. While the problem of optimization with linear constraints can be solved by using dynamic adaptive methods such as the generalized side lobe canceller GSLC, the development of adaptive methods to solve the present problem is more di cult. This issue and the dynamic adaptive computation of 2 r max is left for future work. Fig. 1 s h o ws the broad nulls placed by t h e robust beamformer around the angles of the interferences compared against the sharp nulls created by the conventional optimum beamformer. Fig.  2 compares the average output SINR as a function of time from which the beamformer is designed for the optimum and the robust beamformer. It is seen that although the optimum beamformer designed at time k = 0 yields very high initial performance, this steadily degrades with time as the SNOI's move further away from the nulls present in the array response pattern. On the other hand, the robust beamformer performance remains roughly constant with time, initially somewhat inferior to that of the optimum beamformer designed at k = 0 , but quickly o ering greatly improved performance as a function of time due to the wider nulls present in its array response pattern. Fig. 3 shows the e ect of the sensor noise power on output SINR at time k = K. As expected the robust beamformer performance gain diminishes as input SNR decreases. Lastly Fig. 4 shows the time k = 500 performance as the initial k = 0 DOA of the rst SNOI approaches that of the SOI. As a broad null is created at the SNOI angle, the SOI is also attenuated if the SNOI and SOI angles are near. Therefore the robust beamformer performance gain worsens as the angular separation decreases. A new method for the design of beamformers which are robust in the presence of source motion was presented. The technique is useful in applications such as mobile communications where the beamforming weights are frozen for some length of time despite changes in the scenario before being updated. Broad null are placed at the angles of arrival of the interfering users without requiring estimation of them. The resulting performance has been shown to constitute a trade-o between output SINR, computational complexity, and sensitivity t o source movement. 
